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FIGURE 1 Schematic drawing of phage F29
showing the DNA inside the head, the connector
(shaded), and the collar joining the head to the
tail. The cavity in which the DNA toroid is
formed is situated at the lower end of the con-
nector, where it attaches to the collar.
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Packaging of double-stranded DNA
(dsDNA) in a small volume is a
challenging task, routinely achieved
in virus capsids, where the electrostatic
repulsion from the phosphate groups in
the DNA backbone, the stiffness of the
DNA (50 nm persistence length, ~150
basepairs), and the entropic penalty
of confinement have to be overcome
during virus assembly. The 19,285
basepairs (1) of the genome of phage
F29, the smallest dsDNA bacterio-
phage (Fig. 1), are confined in the
phage head with an internal volume
of 1.4 104 nm3 (2). This is ~20% less
than the volume of a 20-kilobasepair
double helix in the B-form, which has
a contour length of ~7 mm. The struc-
ture of the DNA inside the capsid is
not precisely known, even though
electron micrographs of phages show
regular density patterns associated
with the DNA. However, such patterns
are also observed in a recent coarse-
grained simulation (see Gohlke and
Thorpe (3) for a recent overview of
coarse-grained models, published in
Biophysical Journal) where the phage
DNA is modeled as disconnected
beads in a spherical confinement (4).
In comparison to previous notions con-
cerning the shape of the DNA, this
corresponds to a more disordered state,
which would reduce the entropy cost of
packaging.
The procapsid has a moderate
Young’s modulus of 1.4 GPa, com-
parable to plastics such as polypro-http://dx.doi.org/10.1016/j.bpj.2013.03.043
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sustains an internal pressure of 60
atmospheres, mainly due to electro-
static repulsion. The molecular motor
that packs the F29 genome into the
capsid exerts a force of ~100 pN (5)
and uses one ATP molecule for each
2–2.5 basepairs. The details of the
motor mechanism are not known,
although there is some structural infor-
mation about the connector (Fig. 1),
which is an essential component of
the motor. When the phage infects a
bacterium, the phage DNA is injected
into the target cell in a process that
does not require an external energy
source, and is thought to be driven by
the pressure in the capsid, at least for
the initial phase of the injection (6).
A recently discovered cavity at the
lower end of the connector appears to
contain DNA in a tense, toroidal
form, which may be relevant to retain
the DNA in the capsid before its
release into a target cell (7). In a study
in this issue of Biophysical Journal,
Hirsh et al. (8) have used simulations
to shed light on the role of the cavity,
as well as its structural and functional
relevance for the DNA. Standard
atomistic molecular dynamics (MD)
simulations (9) are possible on a
microsecond timescale for DNA oligo-
mers (10,11), but in such simulations it
would be necessary to apply much
higher forces than the ~100 pN exerted
by the phage motor (5) to observe the
kind of buckling of DNA that occurs
in the bacteriophage. Hirsh et al. (8)
avoid this problem by using a multi-
level approach (12) in which they first
model a 75-bp-long DNA double helix
as an elastic rod that is confined in a
geometry given by the connector struc-
ture. As they force more and more of
this rod into the cavity at the lower
end of the connector, the rod assumes
a toroidal shape until the cavity is
completely filled. All-atom models of
DNA are then fitted to the various con-
figurations of the rod, and atomistic
MD simulations are performed to relax
the DNA conformation. Finally, the
initial ejection of the DNA from thetail is simulated using a viscous drag
model for the DNA rod.
According to the model, forces of
a biologically relevant magnitude are
sufficient to compress, and buckle,
the DNA into a toroid in the cavity.
In the atomistic MD simulations the
toroid contains up to 33 basepairs,
and keeps a double-helical structure
with sharp bends; contacts with the
Nilsson 1841cavity wall apparently contribute to
prevent denaturation of the helix. Inter-
estingly, the disconnected beads in the
coarse-grained simulation of Myers
and Pettitt (4) would also be consistent
with a dsDNA that contains sharp
bends. A collection of toroids of dif-
ferent sizes gives an average density
that corresponds well to the observed
cryo-electron microscopy densities.
Hirsh et al. (8) also explore the model’s
functional implications: The toroid is a
spring, which may help to maintain
the structural integrity of the phage
genome by balancing fluctuations in
DNA due to various environmental
stress factors. When the tail knob is
pulled, and DNA ejection starts, the
toroid rapidly collapses. This collapse
can be a trigger for the release of the
rest of the genome and provide a high
force to rapidly push the end of the
DNA, together with its covalently
bound phage protein gp3, out of the
phage tail and 10–12 nm into the cell
wall, where the gp3 protein may be
involved in cell wall degradation.
One limitation of the model is that
the interactions between the DNA and
the phage proteins are crudely repre-
sented; this is largely due to a lack of
experimental structural information,
and it remains to be seen how well
such details, when and if they becomeavailable, can be incorporated into the
model. In addition to the mechanistic
insights into the properties, and their
possible functional consequences, of
dsDNA under mechanic stress in
phages, the importance of the work of
Hirsh et al. (8) is that it shows a general
way of using all-atom MD simulations
in systems whose properties are in-
fluenced by slower dynamics of larger
structures. In the future this, and
similar approaches, may be applied to
problems concerning the packaging
process, the motor mechanism, and
the role of specific structural features
such as the bands of positive charge
in the otherwise negative-charged inte-
rior of the connector (13).REFERENCES
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